To investigate the degree of similarity between picorilavirus proteases, we cloned the genomic cDNAs of an enterovirus, echovirus 9 (strain Barty), and two rhinoviruses, serotypes 1A and 14LP, and determined the nucleotide sequence of the region which, by analogy to poliovirus, encodes the protease. The nucleotide sequence of the region encoding the genome-linked protein VPg, immediately adjacent to the protease, was also determined. Comparison of nucleotide and deduced amino acid sequences with other available picornavirus sequences showed remarkable homology in proteases and among VPgs. Three highly conserved peptide regions were identified in the protease; one of these is specific for human picornaviruses and has no obvious counterpart in encephalomyocarditis virus, foot-and-mouth disease virus, or cowpea mosaic virus proteases. Within the other two peptide regions two conserved amino acids, Cys 147 and His 161, could be the reactive residues of the active site. We used a statistical method to predict certain features of the secondary structures, such as a helices, ,B sheets, and turns, and found many of these conformations to be conserved. The hydropathy profiles of the compared proteases were also strikingly similar. Thus, the proteases of human picornaviruses very probably have a similar three-dimensional structure.
A common characteristic feature of picornaviruses besides the structure of the virion is their genome organization and translation strategy. Picornavirus particles contain an infectious, single-stranded RNA molecule of approximately 7,500 nucleotides (2) which is polyadenylated at its 3' terminus (48) and covalently linked to a small viral protein, termed VPg, at its 5' end (24) . Upon infection, ribosomes initiate translation at a single site of the viral genome, resulting in the synthesis of a large polyprotein of a molecular weight of approximately 250,000. This polyprotein is cleaved as a nascent chain into three or four primary precursors which are further processed proteolytically to produce all of the viral structural and nonstructural proteins (12, 13, 33, 36, 43) .
The family of picornaviruses is subdivided into four genera: the enteroviruses (poliovirus, echovirus, coxsackievirus), cardiovirus (encephalomyocarditis [EMC] virus, Mengo virus), aphthovirus (foot-and-mouth disease virus), and rhinoviruses. Two of these genera are clinically importaht; human rhinoviruses are the major Causative agents of upper respiratory tract infections collectively known as the "common cold" (42) , and enteroviruses cause not only dysfunction of the gastrointestinal tract but also aseptic meningitis and other more severe diseases, such as poliomyelitis (23) . As many as 115 serotypes of rhinovirus and more than 70 different enteroviruses have been isolated. Because of this high antigenic diversity, it appears unlikly that it would be possible to develop a vaccine protecting against a broad spectrum of rhinovirus or enterovirus infections. However, since picornaviruses share a common genome strategy, the enzymes involved in virus replication may be conserved and thus may represent suitable targets for chemotherapy.
The elucidation of the complete nucleotide sequence of * Corresponding author.
the poliovirus genome (17, 31) and radiochemical sequencing of poliovirus-specific proteins (19, 38, 39) have confirmed that the RNA is translated into one polyprotein which is processed proteolytically to give rise to all of the known virus-specific polypeptides (25) . The majority of these peptides are produced by proteolytic cleavages between a glutamine and a glycine residue. These Gln-Gly cleavages are carried out by a virus-encoded proteinase (11) of a molecular weight of approximately 20,000 originally termed 7c (44) and recently renamed 3C according to the convention on systemic nomenclature of picornavirus proteins (34) . Similarly, for EMC virus a polypeptide, originally p22 and now 3C, has been described as being responsible for most capsid mnaturation cleavages (9, 27) and self-cleavage reactions within the protease precursor molecules (28) . This protease obviously plays a crucial role in the processing of viral proteins and thus is indispensable for picornavirus replication. In addition to being essential for virus growth, a target enzyme for antiviral chemotherapy, ideally, should be conserved among the members of a virus family. To investigate the degree of similarity between picornavirus proteases, we cloned the genome RNAs of echovirus 9, an enterovirus, and two rhinoviruses, serotypes 1A and 14, and determined the nucleotide sequence of the region which, by analogy to poliovirus, encodes the protease. The nucleotide seqtuence of the region encoding the genome-linked protein VPg (24) (14) and used as a template for the synthesis of double-stranded cDNA. Self-primed synthesis of the second DNA strand was achieved by sequential incubation with avian myeloblastosis virus reverse transcriptase, followed by Klenow polymerase (21) . The size distribution of cDNA after the first-and second-strand syntheses was analyzed by electrophoresis on alkaline agarose gels.
Molecular cloning of cDNA. The cDNA was cloned into the PstI site of pBR322 by strandard procedures (21) . Briefly, the double-stranded, nuclease Si-treated cDNA was tailed with oligo(dC) by terminal deoxynucleotidyl transferase (32) and annealed with PstI-cut, oligo(dG)-tailed pBR322 DNA. The reaction mixture was taken directly to transform competent E. coli 5K cells which were then plated onto agar containing 10 ,ug of tetracycline per ml. Recombinants were identified by their sensitivity to ampicillin at 100 ,ug/ml after replica plating. Colony hybridization with either appropriate restriction fragments radioactively labeled by nick translation (21) or synthetic oligonucleotides labeled terminally with polynucleotide kinase (21) as probes for the detection of clones containing cDNA was performed by the method of Grunstein and Hogness (10) . Plasmid DNAs were isolated on a small scale from clones containing echovirus 9 or HRV-1A cDNA by the procedure of Birnboim and Doly (3) and characterized by digestion with restriction endonucleases PstI, EcoRI, and AccI and electrophoresis of the DNA fragments in agarose gels.
Determination of nucleotide sequences. Suitable restriction fragments of cDNA were cloned into the polylinker sequences of plasmids pUC9 (47) or pUR250 (35) . After cutting at neighboring restriction sites, the DNAs were 32p labeled at their 5' or 3' ends and asymmetrically cut with a second restriction enzyme to generate fragments with only one radioactively labeled end. Since one of these fragments was only a few nucleotides long, the other could be sequenced without further purification by using the chemical methods described by Maxam and Gilbert (22) . Alternatively, restriction fragments were subcloned into the mp8 and mp9 derivatives of bacteriophage M13 and sequenced by the dideoxynucleotide method of Sanger et al. (37) . Both strands of cDNA were sequenced completely in all cases. The derived nucleotide sequences were entered into a Hewlett-Packard HP1000 computer, where the information was stored and processed with a computer program developed in our laboratories for this purpose.
RESULTS
Viral RNA was extracted from virion particles and purified as detailed in Materials and Methods. Single-stranded cDNA was synthesized from this RNA with oligo(dT) as a primer for avian myeloblastosis virus reverse transcriptase. The cDNA was rendered double stranded with reverse transcriptase, followed by Klenow polymerase. To obtain significant amounts of full-length double-stranded cDNA, it proved essential to separate full-length first-strand transcripts from smaller fragments by centrifugation through alkaline sucrose gradients before they could serve as templates for self-primed synthesis in the second-strand reaction. Figure 1 shows an alkaline agarose gel illustrating the size range of the products of first-strand cDNA synthesis of echovirus 9 RNA after centrifugation through an alkaline sucrose gradient. Sucrose gradient fractions 11 to 13 or 14 to 17 were the templates for the second-strand reaction, and the resulting double-stranded cDNA was again analyzed by electrophoresis on an alkaline agarose gel (Fig. 2) .
The double-stranded cDNA obtained from the two reaction mixtures differed considerably. When cDNA from fractions 11 to 13 containing only full-length DNA was used as a template (Fig. 2, slot 2 3 . Alignment of the echovirus 9 cDNA restriction map with the biochemical map of poliovirus 1. Echovirus 9 cDNA was digested with combinations of two of the following restriction enzymes: PstI, EcoRI, and AccI. Fragments were separated by electrophoresis through alkaline agarose gels (1.4% agarose in 50 mM NaCl-1 mM EDTA; running buffer, 30 mM NaOH-2 mM EDTA). Those fragments representing the 5' end of the RNA were identified by their migration behavior in alkaline gels as compared with that in neutral gels; they appeared twice as long under denaturing conditions as under nondenaturing conditions because of the fold-back loop produced by reverse transcriptase. The genomic position of viral cDNA from two clones containing echovirus 9 sequences pEC9-I/4 and pEC9-II/4 and HRV-1A sequences pRh1A-49 and pRhlA-19, which were isolated as described in Materials and Methods, are depicted schematically in the lower part of this figure.
full-length cDNA (approximately 15,000 nucleotides long) was detected; in addition, we found one slightly shorter species (13,500 nucleotides) probably due to a strong stop signal for reverse transcriptase. When more heterogeneous cDNA (fractions 14 to 17) served as a template (Fig. 2, slot 3), the products of the second-strand reaction were a mixture of cDNAs of approximately 13,000 nucleotides long to less than 2,000 nucleotides long. Thus, by taking only full-length first-strand transcripts as templates, we could synthesize full-length double-stranded cDNA from echovirus 9 and HRV-14LP RNA. For HRV-1A, the amount of starting material, i.e., purified viral RNA, was too low to obtain sufficient cDNA of full length in the first-strand reaction. In this case, second-strand synthesis was performed with cDNA as a template corresponding to the fragment sizes of sucrose gradient fractions 12 to 16.
For echovirus 9, the production of full-length doublestranded cDNA enabled us to establish a restriction map of the viral genome directly from the cDNA (Fig. 3) . The orientation of the end fragments relative to the RNA genome was deduced from their migration behavior in alkaline agarose gels; fragments representing the 5' end of the RNA appeared twice as long in alkaline gels as in neutral gels because of the fold-back loop produced by the self-primed reverse transcription. The restriction map made it possible to identify the fragment in which we were interested. Alignment of the echovirus 9 cDNA restriction map with the known biochemical map of poliovirus 1 (25) suggested that the EcoRI 490-base pair restriction fragment produced by the two 3' proximal cuts should contain protease sequences. This fragment was inserted into the EcoRI site of pUR250 and sequenced chemically (22) . Translation of the DNA sequences obtained in the six possible reading frames and comparison of the amino acid sequences with those of poliovirus indeed revealed homology with the protease.
Since the EcoRI 490-base pair fragment lacked the 5'-terminal part of the protease gene, it was labeled radioactively by nick translation and used as a hybridization probe to screen our cDNA library, obtained by random cloning of double-stranded echovirus 9 cDNA into pBR322. Two clones thus identified and used for further sequence analysis of the protease and VPg genes of echovirus 9 are depicted schematically in Fig. 3 .
The restriction enzymes EcoRI, BamHI, and Hindlll cut HRV-14LP cDNA too rarely to allow the construction of a restriction map. In this case, we used the endonucleases AluI, HaeIII, TaqI, Sau3A, and EcoRI* which cut DNA frequently and cloned the fragments into the polylinker site of M13 vectors mp8 and mp9. Clones overlapping most of the genome were sequenced by the dideoxynucleotide method (37) . All cDNA clones could be localized at a specific position of the genome by comparing the deduced amino acid sequences with those of poliovirus with the aid of a computer program. In this way, the protease and VPg regions of HRV-14LP were easily identified.
All of the double-stranded HRV-1A cDNA was cloned into pBR322 without previous separation of size classes. To identify clones containing HRV-1A cDNA encoding the protease region, a synthetic oligonucleotide was used as a hybridization probe. (Fig. 3) . As a control, a set of echovirus 9 clones was also tested against this oligonucleotide, and only those clones containing the protease gene gave a positive result (data not shown). Sequencing of the HRV-1A protease gene was performed by subcloning EcoRI, HindIII, AluI, and HaeIII restriction fragments in M13 vectors mp8 and mp9, followed by application of the dideoxynucleotide method (37) . GOT CCA GAA GAA GAA TTT GGA AGO Gly Pro Glu Glu Glu Phe Gly Arq Tables 1  and 2 summarize nucleotide and amino acid sequence homologies of proteases and VPgs, respectively. The percentage of identical amino acid residues between pairs of proteases compared varies from 43.7 to 80.9%, and that between VPgs varies from 36.4 to 90.5%. The closest homology is found between HRV-1A and HRV-2 and between the two enteroviruses poliovirus 1 and echovirus 9. HRV-14LP, interestingly, seems to take an intermediate position; it is as closely related to the enteroviruses as to the other two rhinoviruses. The comparison of the percentages of identical nucleotides between pairs of viruses leads to the same conclusion: HRV-1A and HRV-2 are most closely related, followed by the enteroviruses. The high degree of homology between the protease and VPg genes of HRV-1A and HRV-2 suggests a close evolutionary relationship of these two viruses.
In three regions of the human picornavirus proteases, stretches of amino acid residues are highly conserved ( (26) , foot-and-mouth disease virus (5), or cowpea mosaic virus (20) proteases and therefore seems to be a unique feature of human picornaviruses.
The VPgs of human picornaviruses can be easily aligned (Fig. 5) . HRV-1A and HRV-2 VPgs are one amino acid residue shorter than the VPg of poliovirus; VPg of HRV-14LP is one residue longer. In position 3, the ty-osine residue which links the protein to the RNA (16) is conserved, as are also the basic amino acids Lys 11 (numbering according to HRV-14LP) and Arg 18 and Gly 5, Pro 7, and Pro 15, which are known to behave as "helix breakers." These residues may be important for the function, namely in the interaction with the RNA, or the secondary structure of VPg.
To get an idea about the structural similarities of the compared proteases, we calculated the relative hydropathy values (Fig. 7) and the probabilities of secondary structures like a helices, sheets, and turns as well as random coil regions (Fig. 6 ) by the methods of Kyte and Doolittle (18) and Garnier et al. (8) , respectively.
The overall homology of the hydropathy profiles is statistically highly significant ( for this virus. Though region 79 to 87 is highly hydrophilic, it seems not to be a major antigenic determinant in vivo, which is concluded from the finding that antisera prepared against purified, SDS-denatured proteases of poliovirus 2 and echovirus 9 do not cross-react either with each other or with eXtracts from rhinovirus-infected cells (B. Rosenwirth and G. Werner, unpublished results). Similarly, antiserum against SDS-denatured poliovirus 1 protease has been shown not to cross-react with echovirus 6-or echovirus 11-induced proteins (7) .
The analysis of secondary structures (Fig. 6 ) clearly reveals structural domains which are common for all human picornaviruses and also some which are only shared by enteroviruses or rhinoviruses. There is a series of turns at TABLE 1. Proteases of picornaviruses the putative active center at positions 144 to 149 and also in the conserved region 79 to 87. The conserved His 161 is part of a p-sheet structure for all compared viruses. There is also a common extended ,-sheet structure at positions 112 to 128; in other regions a helices formed by enterovirus proteases correspond to P sheets formed by rhinovirus proteases. Interestingly, the a-helical domain at positions 51 to 66 is shared by the enteroviruses and HRV-14LP, while HRV-1A and HRV-2 form a d sheet at positions 53 to 59, followed by several turns. In this region, the protease of HRV-14LP obviously differs structurally from that of the other two rhinoviruses.
The statistical methods used for the proteases were not applicable for VPg because of the small size of this polypeptide.
In conclusion, the data presented allow the prediction that the three-dimensional structure and the amino acid residues probably involved in the proteolytic process are highly % Sequence homologya 
